The mass-function of low mass halo stars: limits on baryonic halo dark matter by Graff, D S & Freese, Katherine
The Mass-Function of Low Mass Halo Stars:
Limits on Baryonic Halo Dark Matter
David S. Gra and Katherine Freese

University of Michigan, Department of Physics
Ann Arbor, MI 48109-1120
submitted to ApJ Letters 9 February, 1996.
Abstract
We derive mass functions for halo red dwarfs (stars
just massive enough to burn hydrogen) with varying
assumptions about metallicity and about possible un-
resolved binaries in the sample. The mass functions
are obtained from the luminosity function of a sample
of 114 local halo stars in the USNO parallax survey
(Dahn et al. 1995); we use stellar models of Alexander
et al. (1996). We nd that the mass function for halo
red dwarfs cannot rise more quickly than 1=m
2
as one
approaches the hydrogen burning limit. We also nd a
more accurate estimate (than in our previous work) of
the local halo density for red dwarfs: 2 10
 5
M

=pc
3
,
i.e., roughly 0:3% of the mass of the halo.
We extrapolate these mass functions into the brown-
dwarf regime. Using star formation theory of Adams
and Fatuzzo (1996), we show that the total mass of
brown dwarfs in the halo is less than  3% of the local
mass density of the halo ( 0:3% for the more realistic
models we consider).
dark matter { Galaxy: stellar content { Galaxy: halo
{ stars: low mass, brown dwarfs { stars: Population II
1 Introduction
A key quantity for describing a stellar population is the
mass function 	(m), the density of stars with mass be-
tweenm andm+dm; for 	(m) we use units #stars/pc
3
=M

.
The mass function of halo stars can address the ques-
tion of what makes up the dark matter of our Galaxy.
Although it has been clear for some time that main se-
quence stars heavier than our sun are not found in su-
cient abundance to explain the mass of the Galaxy, the
question has remained whether or not there can be large
numbers of lower mass objects. Very low mass stars or
substellar objects have been considered the most plausi-
ble candidates for baryonic dark matter. [White dwarfs,
another possibility for baryonic dark matter, are not
considered in this paper.] Recent work has ruled out
red dwarfs, stars just barely massive to burn hydrogen
(mass m > 0:092M

), as a signicant source of dark
matter (Gra & Freese 1996; Boeshaar, Tyson & Bern-
stein 1994; Bahcall et al. 1994). One result of this paper
is a new estimate of the density of red dwarfs; this new
value is more precise than, and consistent with, previ-
ous work. Brown dwarfs, star-like objects that are just
barely too small to burn hydrogen, are the remaining

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low mass candidates. These are extremely dicult to
observe optically (see e.g., Burrows and Liebert 1993
for a review) although there have been several searches
for them using gravitational microlensing (Alcock et al.
1995, Ansari et al. 1996, Udalski et al. 1993). As the
main result of this paper, we determine a mass func-
tion of red dwarfs, and then extrapolate to derive an
upper limit on the number of brown dwarfs. If brown
dwarfs are a primary component of halo dark matter,
then we would expect to nd a steeply rising halo mass
function as we go to decreasing mass. Instead, we show
that likely extrapolations imply that brown dwarfs are
not nearly numerous enough to be a signicant compo-
nent of halo dark matter. As a caveat, let us point out
that the limits on brown dwarfs obtained in our paper
assume that the brown dwarfs in the halo come from
the same stellar population as the red dwarfs. We will
comment on this assumption further in the discussion
at the end of the paper. The goal of our paper is to
show that brown dwarfs coming from ordinary stellar
populations are not present in great abundance.
Dark Matter in the Galaxy is primarily in the halo
1
.
A population II mass function for low mass stars from
globular cluster NGC 1261 can be found in Zoccali et al
(1995). In our paper we focus instead on local eld halo
stars, which are not in globular clusters. The mass func-
tion in the halo could in principle be quite dierent from
that in globular clusters, in that there is far more dark
matter in the halo. Our paper also diers from previ-
ous work in that we extrapolate into the brown dwarf
regime. Halo stars presumably formed at the same time
as the galaxy. Since the stars in question are old and
have low mass, they lie comfortably on the main se-
quence. Thus the precise age of the stars is not an
important parameter for models of these stars.
Unfortunately, the mass function cannot easily be
obtained by observations, since observers can almost
never easily measure the mass of a star. Instead, we
must convert from the measured quantity, the luminos-
ity function (M ), the number of stars in a magnitude
range M !M + dM (note that M refers to magnitude
while m refers to mass). For the luminosity function, we
use units #stars/pc
3
=M . For most stars heavier than a
few tenths of a solar mass, the mass and the luminos-
ity are related by a simple power law, so the luminosity
function behaves qualitatively like the mass function.
However, here we are interested in stars near the hydro-
gen burning limit, where the mass-luminosity relation
becomes extremely non-linear. Just above the hydrogen
burning limit, a red dwarf with a mass of 0:1M

has a
luminosity of  10
 3
L

. Below the hydrogen burning
limit, a brown dwarf with a mass of 0.06M

has a lu-
minosity three orders of magnitude lower,  10
 6
L

(Burrows, Hubbard, Saumon & Lunine 1993).
Even measuring a luminosity function is not triv-
ial. One must measure the density in space of stars
1
There have been several attempts to determine the mass func-
tion of local stars (Miller & Scalo 1979, Kroupa, Tout & Gilmore
1993, Henry 1995). Local stars are predominantly Population I
disk stars.
1
of a particular magnitude. Ideally, one would like to
know the distance and absolute magnitude of observed
stars. For most data sets of high proper motion stars,
observers can only measure the relative magnitude and
the color; also, disk stars contaminate the sample. Tra-
ditionally, the approach has been to construct a series
of model stellar populations and to search for the best
t to observations. In this paper, we instead use the
data from parallax measurements. These provide the
distances and absolute magnitudes of stars; from these
quantities one can construct a luminosity function. Par-
allax measurements give the velocities of stars so that
one can separate true disk stars from halo stars that are
temporarily in the disk. Note that we can only discuss
the local population of halo stars.
2 A NewMeasurement of the Mass
Density of Halo Red Dwarfs
An extensive parallax survey is being carried out by
the US Naval Observatory. Preliminary results were
reported in Monet et al (1992) with a much more com-
plete update in Dahn et al (1995). They published a
luminosity function based on 114 stars with velocities
tangential to the line of sight V
tan
 220km/sec. These
stars should all be halo stars since disk stars have a local
velocity dispersion of only 30 km/sec.
First we use this luminosity function to estimate the
mass density of red dwarfs in the halo. Previously sev-
eral authors (Gra & Freese 1996; Boeshaar, Tyson &
Bernstein 1994; Bahcall et al. 1994) pointed out that
there are few red dwarfs in the Galactic halo. These au-
thors used data from deep optical searches of the halo
which found only 5 or 6 red dwarfs. Using the luminos-
ity function of Dahn et al., we can obtain a more accu-
rate estimate of the mass density of halo red dwarfs as
follows:
 =
Z
dM
V
(M
V
)m(M
V
); (1)
where subscript V refers to visible band. Because this
result is based on 114 stars instead of 6, it is much
more accurate. We use the mass-luminosity relation
m(M
V
) from Alexander et al (1996). We nd that the
local halo density for red dwarfs is 2 10
 5
M

=pc
3
for
masses between 0.09-0.4M

. For a halo mass density
of 710
 3
M

=pc
3
(Alcock et al. 1995), red dwarfs are
only 0.3% of the mass of the halo.
3 Deriving the Mass Function of
Red Dwarfs
To convert from the luminosity function (M
V
) to the
mass function 	(m), we use
	(m) =




dM
V
dm




(M
V
): (2)
Clearly we need a mass-luminosity relation. We use the
models calculated by Alexander et al (1996). In Fig. 8
of their paper, one can see that the mass-luminosity re-
lation is non-linear. The luminosity of stars drops fairly
slowly with decreasing mass until an inection point at
m  0:4M

. Then the mass-luminosity relation turns
over, and the luminosity rapidly becomes dimmer as
the mass decreases toward m
H
. We t between the cal-
culated points of (Alexander et al. 1996) using cubic
splines. Since our mass function will depend on certain
assumptions, we will always consider the most `conser-
vative' case, i.e., we will try to generate the steepest
possible mass function as one goes to low mass, corre-
sponding to the largest number of brown dwarfs.
We use the model of Alexander et al with stellar
metallicity Z = 3  10
 4
. Nearly all stars in the sam-
ple have larger metallicities than this, as can be seen
from the comparison of parallax data points with the-
ory for various metallicities in Fig. 6 of (Alexander et
al. 1996). We use this value of Z because it gives the
most conservative result (the steepest mass function as
one goes to low mass, i.e., the largest number of brown
dwarfs). One can see this eect in Fig. 1a for two dif-
ferent metallicities. We can understand this eect in
the following manner: high metallicity stars are dim-
mer than low metallicity stars of the same mass; i.e.,
high metallicity stars are more massive than low metal-
licity stars of the same luminosity. For the range of
luminosities we are considering, if we underestimate Z,
stars would be on a much steeper part of the M
V
(m)
curve and many would have masses in a narrow mass
range close to the hydrogen burning limit m
H
. In addi-
tion, the factor jdM
V
=dmj of Eq. (2) becomes large for
stars near m
H
(because the mass range for low Z stars
of a given luminosity is so small). These two eects
combine to cause the mass function to steepen towards
lower mass as we lower the metallicity. Thus, using
Z = 3 10
 4
gives the steepest allowed mass function
and the largest number of brown dwarfs.
The luminosity function derived by Dahn et al. grows
to a maximum value at M
V
= 12 and then drops o
again as one goes to lower mass. [Hereafter, we use
the words rising and falling to refer to the behavior of
functions as one goes to smaller values of mass or of
luminosity.] One might naively interpret this to mean
that there cannot be many stars of low masses. How-
ever, this interpretation may not be correct because of
the shape of the mass-luminosity curve; the derivative
of the curve enters in Eq. (2). For example, consider
a rising mass function: to get the luminosity function,
one multiplies the increasing mass function by the de-
creasing jdm=dM
V
j. One would expect a luminosity
function that reached a maximum, then turned over for
all but the steepest mass functions. To repeat, a de-
creasing luminosity function does not necessarily imply
a decreasing mass function.
A Complication: Binaries: A complication arises in
the implementation of Eq. (2), which takes us from a
luminosity function to a mass function: we do not know
whether or not any of the stars in the survey are really
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unresolved binaries. If so, the luminosity of the binary
is due to light from both stars. If we mistakenly in-
terpret the light to be only from a single star, we may
overestimate the mass of the primary star. In order to
deal with this potential problem, we shall make a va-
riety of assumptions about unresolved binaries. Fig. 1
shows the mass functions obtained from several dier-
ent assumptions about binaries. We shall see that for
all of our possible assumptions, we still conclude that
there are not many brown dwarfs.
The most common assumption about binary stars is
that the masses of the two stars are independent and
are drawn from the same distribution (Kroupa, Tout &
Gilmore 1993). We call this model I. We here show that
if the mass density in brown dwarfs is very small for the
no binary case, then it is also very small for the case of
model I. Assume that brown dwarfs are far more numer-
ous than true stars. Then by our assumption that the
masses of the two stars are drawn from the same mass
function, the secondary in any binary system is nearly
always a brown dwarf
2
. The contribution of the brown
dwarf to the total luminosity of the system is negligi-
ble and we can derive the mass of the primary from the
luminosity of the system. This means that the mass
function derived using a single star mass-luminosity re-
lation also describes the mass function for binary stars.
But, as we will show, this single star mass function im-
plies that there are not large numbers of brown dwarfs,
contradicting our assumption. Thus, if the mass den-
sity in brown dwarfs is very small for the no binary case,
then it is also very small for the case of model I.
Since the preferred model of binary stars implies
that there are few brown dwarfs, we tried two other
binary star models. Model II is plausible. Model III
is extremely unlikely, and is designed to exaggerate the
shift in slope of the mass function. Model II assumes
that half of all star systems are binary. The mass of the
secondary is evenly distributed between zero and the
mass of the primary. Because the mass-luminosity rela-
tion is so steep at low masses, the primary will nearly
always far outshine the secondary, in which case one
can safely ignore the secondary when discussing the lu-
minosity of the system. Thus we nd that the mass
function in model II is nearly the same as for the case
of no binaries.
In model III, we assume that all of the stars are in
binary systems, and that the two stars have the same
luminosity. Thus the luminosity of the primary is half
the luminosity of the system. In other words, if one were
to assume that the primary is a single star, one would
underestimate its magnitude by an amount 0.75. This
model has been designed to give the largest number of
low mass stellar objects and is unrealistic.
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There has been an intensive search for brown dwarfs as binary
companions. This search has only found two brown dwarfs despite
examininghundreds of systems; thus brown dwarfs make up< 1%
of the mass of disk stars (Rebolo, ZapateroOsorio & Martin 1995;
Nakajima et al. 1995). Because brown dwarfs cool as they age,
one can only hope to optically detect young brown dwarfs. Thus,
these optical searches are not sensitive to a halo population of
brown dwarfs.
Our results are plotted in Fig. 1. The mass function
of red dwarfs has been obtained from the luminosity
function using Eq. (1) for four dierent cases. In each
panel we have plotted as our `standard' model the case
of Z = 3  10
 4
and no binaries (indicated by crosses
with no error bars). The rst panel also plots the mass
function for Z = 610
 4
for comparison: lower Z leads
to a steeper mass function as described previously. The
other two panels use Z = 3  10
 4
and binary mod-
els II and III. Binary model II (middle panel) produces
roughly the same mass function as our standard model,
while binary model III (bottom panel) has a steeper
mass function. In the plots, the mass function has been
multiplied by m
2
so that one can most easily see how it
approaches the hydrogen burning limit (as described in
the next section). Our result is that the mass function
behaves as 	(m)  m
 p
with p  2 for all four cases
we consider. In fact, only binary model III could have
p = 2 while all other cases have p < 2.
4 Upper Limit on the Total Mass
of Halo Brown Dwarfs
Extrapolating theMass Function to Brown Dwarfs
{ Theoretical Input: Now that we have derived a se-
ries of mass functions of halo red dwarfs, we will extrap-
olate to the lower mass brown dwarfs. This extrapola-
tion should be guided by theory. The work of Adams
and Fatuzzo (1996) predicts the mass of a star based
on the physical properties of the cloud core that forms
that star. They predicted two extremes for the mass
function of stars forming in molecular clouds. At one
extreme, the mass of a star is determined by one fac-
tor, e.g., the sound speed of the molecular cloud core.
Not all cores have the same value of that factor; instead
there is a distribution of values. If that distribution is
power law, as might be expected in turbulent systems
with no natural scale for the quantity, then the distri-
bution of stellar masses, i.e., the mass function, is also
likely to be a power law. On a log-log plot (and in Fig.
1), the mass function should then be a straight line.
At the other extreme, the mass of the star is de-
termined by a large number of independent physical
variables. The mass of the star is proportional to the
product of various powers of the initial conditions which
formed the star: m = A
Q
i


i
i
where the 's stand for
the sound speed, rotation rate, etc., i.e., all the physi-
cal parameters present at the birth of the star. Thus,
logm = logA +
P
i

i
log
i
. Here logm is the sum of
randomly distributed terms. Invoking the central limit
theorem, Adams and Fatuzzo reasoned that log 	(m)
should be a Gaussian., i.e., the mass should be log-
normal distributed. A log normal mass function would
appear as a parabola on a plot of log 	(m) vs. logm
and in Fig. 1. [To leading order, the mass function of
disk stars appears to be t by a log-normal (Miller &
Scalo 1979).]
These two cases represent extreme limits. We would
expect the actual function to lie somewhere between the
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two. In short, a mass function should not be concave
up, only at or concave down on a log-log plot. All the
possible mass functions generated by our dierent mod-
els are consistent with a mixture of the two theoretical
models over the red dwarf mass range, i.e., all are at
or concave down. Since the observed mass function has
the same basic form as the theoretical prediction for red
dwarfs, we feel justied in using this theory to extend
the mass function to include brown dwarfs.
Upper limit on the total mass in Halo brown
dwarfs: The total mass in brown dwarfs is
m
tot
=
Z
m
H
0
m	(m)dm: (3)
Since there are so few red dwarfs relative to the halo, the
total mass of brown dwarfs can only be large if the mass
function is steeply rising as one goes to small masses.
In the theory by Adams and Fatuzzo, any possible ex-
trapolation of a mass function lies between two possible
extremes: power law or log-normal, i.e., at or con-
cave down on a log-log plot. Within these two bounds,
there will be more brown dwarfs if we extrapolate with
a power law, 	 / m
 p
. Since we want to place an upper
bound on the total mass of brown dwarfs in the halo,
we will extrapolate as a power law.
If p < 2 then the integral in equation (3) converges
and one nds the total mass in brown dwarfs to be of
the same order of magnitude as the total mass in red
dwarfs. If p  2, then the integral diverges. Since
we know that the mass density of brown dwarfs is not
innite, we mean by this divergence that the total mass
density is dependent on a lower mass cuto of the mass
function. If p = 2 then the integral diverges, but only
logarithmically, i.e., each order of magnitude of mass
range contains an equal total mass. Thus, even for a
lower limit as low as 10
 7
M

, we expect that the total
mass in brown dwarfs should be  12 times the mass in
red dwarfs or only 3% of the local halo mass. If p > 2
than the integral diverges fast enough that one could
have enough brown dwarfs to ll the halo.
As shown in Fig. 1, for all of our models, with vary-
ing metallicities and binary content, a power law ex-
trapolation to low masses has a power of p  2. Thus
brown dwarfs cannot contribute more than  3% of the
local halo mass. Only our most extreme model (binary
model III) can have p = 2; the more sensible models
have p < 2. Eq. (3) with p < 2 implies that there can-
not be many more brown dwarfs than red dwarfs. Pre-
viously we estimated that red dwarfs contribute  0:3%
of the halo (for a halo mass density of 710
 3
M

=pc
3
).
In summary, brown dwarfs cannot contribute more than
 3% of the mass of the halo, and in realistic models
the limit is an order of magnitude smaller.
5 Discussion
We have shown that red dwarfs are a minuscule fraction,
0.3%, of the mass of the galactic halo. In order for
any appreciable fraction of the mass of the halo to be
composed of low mass star-like objects, there must be
substantially more mass in brown dwarfs than in red
dwarfs. We estimated the mass in brown dwarfs by
extrapolating the mass function of red dwarfs below the
hydrogen burning limit. Our extrapolation was based
on current theories of star formation, which predict that
the mass function is either at or concave down (on a
log-log plot). We made several assumptions about the
metallicity and binary composition of the stars in the
sample. We found that brown dwarfs make up less than
 3% of the local mass density of the halo. For our
most realistic models, the limit on the total mass in
brown dwarfs is roughly the total mass in red dwarfs,
 0:3% of the local mass density of the halo.
To repeat an earlier caveat: our limits on the brown
dwarf density assume that the brown dwarfs in the halo
come from the same stellar population as the red dwarfs.
The theoretical possibility always remains that there are
large numbers of brown dwarfs from an entirely dierent
population of stars (Population III). However, theoret-
ical work on star formation (Adams and Fatuzzo 1996)
indicates that an earlier population of stars is likely to
be skewed towards a predominance of high mass stars,
not brown dwarfs. In any case the goal of our paper has
been to present red dwarf mass functions and to show
that brown dwarfs coming from ordinary stellar popu-
lations are not present in the halo in great abundance.
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F I G U R E C A P T I O N S
Figure 1: The mass function of red dwarf halo stars.
Each of the four models is derived from the luminos-
ity function of Dahn et al (1995) but assumes dier-
ent metallicity and binary content. In all three panels,
crosses without errorbars illustrate the mass function
derived for stars with metallicity Z = 3 10
 3
and no
binary companions. Error bars are due to Poisson er-
rors in the luminosity function. The other model pre-
sented in panel (a) has Z = 6  10
 3
(no binaries) for
comparison. Lower metallicity leads to a mass function
with more low mass stars. Panels (b) and (c) show bi-
nary models II and III for Z = 3  10
 3
as described
in the text and can be compared with the no binary
model (crosses) of the same metallicity. The mass func-
tions shown include both primary and secondary stars.
Binary model II, the more realistic model, has almost
the same mass function as the no binary case. Binary
model III has been designed to exaggerate the number
of low mass stars compared to high mass ones and is
unrealistic.
We have multiplied the vertical axis by m
2
to em-
phasize that all mass functions converge at low mass (see
eq (3) and subsequent text). A mass function which is
decreasing to the left will converge; one that is increas-
ing will diverge. One that is at will diverge, but only
logarithmically. Even for the extreme case of binary
model III, the mass function is at or decreasing and
the total mass in brown dwarfs could be at most  3%.
For more likely models I and II, the limit on the total
mass in brown dwarfs is roughly the total mass in red
dwarfs,  0:3% of the local mass density of the halo.
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